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Abstract
During the 1997 Umbria-Marche earthquake, two of the vaults of the Basilica of San Francesco
in Assisi collapsed as a result of an 8.5 Mercalli-scale magnitude earthquake. The structure
had endured stronger earthquakes for centuries before this earthquake, and there were likely
many reasons for the collapse, such as damages accumulated from previous earthquakes.
However, one of the factors that may have lead to the collapse is the modifications made
to the structure over its lifetime, which could have made the basilica more susceptible to
the 1997 earthquake. The basilica’s roof has been subjected to three major alterations in
its 760 year life. Each alteration changed the weight and stiffness properties of the roof
and global dynamic behavior of the basilica. In this thesis, simple analytical models are
employed to show trends in the structure’s seismic response given the changes in stiffness
and mass of the roof over the centuries. The findings of the analytical model suggest that
the roof interventions have had the effect of decreasing the structure’s fundamental period,
and therefore, attracting more seismic forces to existing structural elements. The findings of
this study are meant to educate preservation engineers for similar interventions in the future
as well as address present day public safety issues regarding retrofitted historic structures.
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Chapter 1
Introduction
Overview
The Basilica of San Francesco in Assisi, Italy is one of the most famous basilicas in the world
and has a deep history, which will be briefly summarized in this chapter. In addition, the
basilica has endured many earthquakes in its almost 800-year lifetime. A brief seismic history
of the basilica’s region will be presented in this chapter. Finally, this study considers the
effects of the different roof interventions on the global dynamic behavior of the structure.
Therefore, a full description and history of the four different roofs the basilica has had in its
lifetime will be presented. As one of the main contributions of this work, this roof history
will be cross-referenced with the seismic history of the area to study the seismic performance
of the basilica with each different roof.
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1.1 The Basilica of San Francesco
1.1.1 Background and History
Figure 1.1 – Basilica of San Francesco in Assisi (Photo by Author)
The Basilica of San Francesco began construction only two years after St. Francis of Assisi’s
death in 1226 and was completed in 1253. [Destinations, 2009] The basilica, as seen in Figure
1.1, actually contains two churches placed one on top of the other. La Basilica Inferiore, or
the Lower Basilica, was completed in 1230 and where St. Francis was buried, and La Basilica
Superiore, or the Upper Basilica, was completed in 1253 and consecrated by pope Innocent
IV. Both parts of the basilica have similar architectural features: a one aisle nave with four
bays of Gothic vaults, a transept, and an apse. The Lower Basilica has an Italian Romanesque
style with barrel vaults that are stout and broad. The Lower Basilica also contains a crypt
of St. Francis located under the main altar as well as a large narthex, which serves as the
entrance of the Lower Basilica. The Upper Basilica has a Gothic interior, which for the
time period in which it was constructed, was a very new style for Italy. The Upper Basilica
contains a somewhat Romanesque facade with a large Gothic doorway, a rose stained glass
window, and an oculus on the gable. A Romanesque campanile, or belltower, is located on the
South side of the church. The church’s dimensions are about 250 ft in the longitudinal (nave)
direction, 120 ft in the transverse direction, and approximately 75 ft in height from the floor
12
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of the Upper Basilica to the roof. The church is supported by a unique system of cylindrical
buttresses combined with arched flying buttresses. [Bonsanti et al., 1998], [Castex, 2008]
The interiors of both basilicas are immediately striking due to the marvelous frescoes that
were painted shortly after the completion of the basilica. The paintings in the Upper Basilica
began in the nave with a master Florentine painter Cenni di Pepi, known as Cimabue, in
1275. Cimabue was responsible for painting the apse, and the walls and vaults of the transept
with important characters from the New Testament. The nave of the basilica is decorated
around the lower perimeter with frescoes depicting the life of St. Francis as well as stories of
the life of Christ on the southern wall and other stories from the bible on the northern wall.
The paintings of the nave are attributed to a variety of Roman master painters and another
master Florentine painter Giotto di Bondone. [Bonsanti et al., 1998]
1.1.2 Seismic History
Figure 1.2 – Earthquakes (Mercalli) within 50 Mile Radius of Assisi [CPTI, 2004]
As seen in Figure 1.2, the location of the Basilica is in a highly seismic zone. The data in
this figure was taken from an Italian database made by the Istituto Nazionale di Geofisica
e Vulcanologia d’Italia, or the National Institute of Geophysics and Vulcanology of Italy.
This database contains earthquake data for Italy dating back to before the basilica was
13
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constructed. The earthquake magnitudes in this database use Mercalli scale, which is a more
qualitative scale than the modern day Richter scale. However, since the Richter scale did not
exist during most of the basilica’s lifetime, the Mercalli-scale data from the database is being
used to gauge the relative magnitudes of earthquakes that have hit the basilica in its lifetime.
Therefore, for the remainder of this thesis, all earthquake magnitudes will be referred to in
terms of Mercalli scale. All earthquakes that hit the area within a 50 mile radius of the
basilica and were of magnitude greater than 7 have been included in the seismic history of
this study. This area has sustained over 180 earthquakes of magnitude 7 or greater during
the basilica’s existence. Some of the more notable earthquakes the basilica has survived can
be seen in Table 1.1 below.
Year Epicenter Earthquake Distance from
Magnitude Basilica (mi)
1279 Colfiorito 10 13.5
1328 Alta Valnerina 10 25.7
1719 Alta Valnerina 7.5 25.0
1747 Fiuminata-Gualdo Tadino 9 14.1
1751 Gualdo Tadino 10 12.0
1781 Cagliese 10 36.7
1789 Colfiorito 7.5 37.1
1799 Camerino-Cessapalombo 9.5 27.2
1832 Foligno 8.5 7.4
1838 Sellano 8 19.5
1854 Bastia 7.5 2.1
1915 Assisi 7 0.21
1979 Norcia-Cascia 7 33.9
1997 Umbria-Marche 8.5 14.2
Table 1.1 – Major Earthquakes for Assisi since 1230 AD [Basile, 2007], [CPTI, 2004]
It is interesting to note that in all of these seismic events, the one that caused the most
damage was the Umbria-Marche earthquake that struck September 26, 1997, even though it
was not the strongest to have hit the basilica. For instance, the earthquakes that struck in
1279, 1747, 1751, and 1832 not only were of the same or greater magnitude, but they also
had lower epicentral distances to the basilica than the 1997 earthquake. For this reason, it
is necessary to discuss this seismic event in greater detail.
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1.1.3 1997 Umbria-Marche Earthquake
The sequence of events for this seismic event is as follows: At about 2:30 AM, a 5.7 magnitude
earthquake hit the basilica. Coincidentally, Ghigo Roli, a photographer who had been pho-
tographing the Upper Basilica’s frescoes for months, happened to be in the basilica during
the event. In his testimony of the first tremor, he recalls that immediately after the first
tremor the air was filled with dust, and the floor was littered with chips of frescoe paint.
Upon his initial inspection of the church, Roli notes that a large crack had formed on the
great arch along the south face of the transept and a large stone had fallen from the double
lancet from a column on the North side of the basilica. This was all of the damage witnessed
by Roli that night, which by his testimony, seems to have been limited to non-structural
damages. The next morning at about 11:42 AM, a second tremor of magnitude 8.5 hit the
basilica. This time, Roli was just outside the doors of the Basilica and a camera crew from
Umbria TV was at the front of the nave videotaping. Roli reports that the jambs of the
Basilica’s doors rose, then fell while “lurching first forward then back...”. As seen in Figure
1.3, Umbria TV cameramen were able to capture the collapse of the easternmost quadrant
of the Gothic vault adjacent to the facade, which fell on individuals fleeing for the door and
resulted in 4 deaths. [Bonsanti, 1998]
Figure 1.3 – Collapse of Vault of the Doctors of the Church [Bonsanti, 1998]
In addition to the vaults collapsing near the facade, the vaults adjacent to the triumphal arch
also collapsed. The damaged areas of the basilica are highlighted in Figure 1.4 below.
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Figure 1.4 – Damages Incurred during the 1997 Earthquake [Basile, 2007]
Also, the earthquake caused a large hole to be opened in the tympanum on the south side of
the transept, as seen in Figure 1.5.
Figure 1.5 – Damage to the tympanum [Basile, 2007]
The largest loss incurred from the earthquake was the destruction of the precious frescoes
that were painted on the portions of the vaults that collapsed, which included famous works
by Cimabue and Giotto. Such works include Cimabue’s fresco of San Matteo and Judea
above the central nave and Giotto’s vault of the Dottori della Chiesa near the facade, as seen
in Figure 1.6.
16
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(a) Cimabue Vault of the Evangelists (b) Giotto Vault of the Doctors of the Church
Figure 1.6 – Frescoes before 1997 Earthquake [Bonsanti, 1998]
Immediate actions were taken after the earthquake to stabilize the surviving vaults and
tympanum in case of aftershocks. The ensuing restoration project involved preservation of
the historic paintings as well as restoring structural integrity to the vaults and tympanum.
Historians and preservationists sifted through the rubble in the nave looking for any surviving
pieces of the vault rib or chips of fresco paint in order to rebuild the vaults with as much
original material as possible. The restored works of San Matteo and Judea and Dottori della
Chiesa can be seen in Figure 1.7.
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(a) Cimabue Vault of the Evangelists (b) Giotto Vault of the Doctors of the Church
Figure 1.7 – Restored Frescoes after 1997 Earthquake (Photo by Author)
A team of engineers, lead by Dr. Giorgio Croci of the University of Rome La Sapienza, were in
charge of restoring permanent structural safety to the vaults and tympanum. The tympanum
was rebuilt using the original stones that had fallen during the earthquake and grouted with a
new mortar. The existing connection between the tympanum and the roof was changed from
a completely rigid connection to a connection using shape memory alloy devices to reduce
out of plane seismic loading on the tympanum, as seen in Figure 1.8.
Figure 1.8 – Installation of SMADs at the Tympanum-Roof Interface [Basile, 2007]
To give the vaults structural integrity once again, Croci and his team installed aramidic fibers
to the extrados of the ribs of the vaults using an epoxy. These ribs were then connected to
the reinforced concrete roof purlins via a system of tie rods, springs, and steel beams as seen
in Figure 1.9. Finally, the vaults themselves, which had been severely cracked during the
earthquake, were reinforced from behind using a special type of mortar. [Croci, 2002]
18
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Figure 1.9 – Permanent Stabilization of Vaults from Above [Basile, 2007]
Croci advocated the installation of a steel truss that ran along the cornice that runs around
the perimeter of the nave and transept about 24 feet above the basilica floor. Each truss
segment is approximately 30 feet long and weighs approximately 2200 pounds, and they are
connected to each other using a special type of oil hydraulic connection. This connection
is meant to act as an expansion joint under normal conditions, mostly to allow for thermal
expansions, but behaves as a rigid connection under earthquake excitation. Croci states that
installing the truss was acceptable since it was not visible from the basilica floor and the
structural reason for the intervention was twofold. First, it had been noticed that there
was crack propagation occurring on the frescoes that were on the walls of the nave. The
installation of this truss was meant to stiffen the nave wall during seismic activities such as
to limit the deformations of the nave walls that cause such cracks. Second, Croci states that
this intervention would improve the overall stability of the structure. [Basile, 2007]
19
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Figure 1.10 – Truss Installed Along Cornice (Photo by Author)
With the full seismic history of the basilica presented, it is now necessary to study the history
of roof interventions on the structure.
1.1.4 Roof Modifications
The basilica was 744 years old when the Umbria-Marche earthquake struck in 1997. Through-
out the centuries, certain changes had been made to the basilica, all of which changed its
structural behavior. The main structural interventions that were carried out on the basilica
involved roof replacements. In the literature, there has not been a comprehensive history
of the different roofs of the basilica of San Francesco compiled in one source. Thus, it is
necessary to first summarize each of the different roofs the basilica has had and relate them
to the seismic history of the basilica.
20
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SCHEMATIC YEARS EARTHQUAKES DESCRIPTION
ROOF 1
WOOD TRUSS
WOOD FRAMING
AND PURLINS
WOOD
ROOFING
MASONRY ARCHES
WOOD PURLINS
WOOD ROOF
ROOF 2
MASONRY ARCHES
RC RING BEAM
SOLAIO IN
LATEROCEMENTO
RC PURLINS
STEEL TIE
STEEL BEAM
RC PURLINS
RC RING BEAM
SOLAIO IN LATEROCEMENTO
STEEL PLATE RETICULAR TRUSS
STEEL TIE
ROOF 3
ROOF 4
1253 - 1400's
1400's - 1958
1958 - 1997
1997 - PRESENT
YEAR MAGNITUDE
1270 7.5
1277 8.0
1298 8.5
1328 10.0
1349 8.5
1352 9.0
1358 6.5
1389 9.0
1287 6.5
YEAR MAGNITUDE
1639 10.0
1703 10.1
1741 9.0
1747 9.0
1751 10.0
1781 10.0
1799 9.5
1917 9.5
1703 10.0
YEAR MAGNITUDE
1961 8.0
1962 7.0
1969 7.0
1972 8.0
1974 7.0
1979 8.5
1984 7.0
1997 9.0
1963 7.0
YEAR MAGNITUDE
1998 8.0
2009 7.0
2009 7.0
2009 8.0
2009 7.0
2009 8.5
2009 7.0
2009 9.0
2009 7.0
 ORIGINAL ROOF OF
THE BASILICA
 REPLACED IN 1400'S
FOR UNKNOWN
REASONS.
 NO EXISTING
RECORDS
 ROOF WAS MADE
COMPLETELY OF
WOOD
 GEOMETRY INSPIRED
BY OTHER BASILICAS
CONSTRUCTED IN
THE 1200'S.
 ARCHES MADE OF
MASONRY AND
INSTALLED DIRECTLY
ABOVE EACH NAVE
VAULT
 PURLINS AND ROOF
MADE OF WOOD
 ENDURED 38
EARTHQUAKES OF
MAGNITUDE 7.5 OR
GREATER
 IN 1958 GENIO CIVILE
DI PERUGIA DEEMS
WOOD ROOF A FIRE
HAZARD
 WOOD PURLINS
REMOVED AND
REPLACED WITH RC
PURLINS
 WOOD ROOF
REMOVED AND
REPLACED WITH
SOLAIO IN
LATEROCEMENTO
 RETICULAR TRUSS
INSTALLED AS PART
OF THE POST 1997
COLLAPSE
RECOVERY EFFORT
 INSTALLED TO
INCREASE STIFFNESS
AT ROOF LEVEL
 MADE OF PLATE
6"X0.5" AND
ANCHORED TO RC
PURLINS AND RING
BEAM ALONG
PERMITER
MASONRY ARCHES
Figure 1.11 – Roof Renovations and Earthquake History [Basile, 2007], [Rocchi, 2002]
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As can be seen in Figure 1.11, the structure of the roof has changed three times since its
completion in 1253, with the most recent intervention being after the 1997 earthquake. We
will now describe each roof’s structural system and history in greater detail.
It is known that the original roof of the basilica was made solely from wood materials,
however, schematics of the original roof design do not exist. The Basilica of Santa Maria
di Collemaggio, in L’aquila, was constructed in the same timeframe as the Basilica of San
Francesco and therefore, most likely used the same construction techniques. For the purposes
of this report, a layout inspired by Santa Maria di Collemaggio’s roof scheme has been used,
as seen in Figure 1.12.
(a) Roof of Basilica of
Santa Maria di Collegmag-
gio [Cimellaro et al., 2011]
ROOF 1 STRUCTURAL SYSTEM AND LOAD PATH
TOTAL SYSTEM PURLINS AND TRUSS SYSTEM
TRUSS SYSTEMPURLINS AND TRUSS SYSTEM
(b) Blownup Schematic
ROOF 1 STRUCTURAL SYSTEM AND LOAD PATH
TOTAL SYSTEM PULINS AND TRUSS SYSTEM
TRUSS SYSTEMPULINS AND TRUSS SYSTEM
(c) Load Path
Figure 1.12 – Original Roof
For unknown reasons, the original roof was replaced in the fifteenth century by a new system
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of wood purlins and sheathing supported by large masonry arches above the vaults, as seen
in Figure 1.13.
(a) Masonry Arch Support Roof System
Above Vaults [Basile, 2007]
MASONRY ARCHES
WOOD PURLINS
WOOD ROOF
(b) Blownup Schematic
ROOF 3 STRUCTURAL SYSTEM AND LOAD PATH
TOTAL SYSTEM ROOF SYSTEM
MASONRY ARCH SYSTEMPURLIN AND ARCH SYSTEM
(c) Load Path
Figure 1.13 – 14th Century Roof
This system remained in place for over 400 years until the 1950’s, when it was decided by
the Genio Civile di Perugia to replace the wooden parts of the roof to protect against fire
hazards. [Rocchi, 2002] Thus, the wood purlins were replaced with ones made of reinforced
concrete and the wood sheathing was replaced with a system of solaio in laterocemento. This
new roof was placed on top of a reinforced concrete ring beam that was installed along the
perimeter of the nave and transept. [Basile, 2007]
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(a) Solaio in Laterocemento
RC RING BEAM
SOLAIO IN
LATEROCEMENTO
RC PURLINS
STEEL TIE
MASONRY ARCHES
(b) Blownup Schematic
ROOF 3 STRUCTURAL SYSTEM AND LOAD PATH
TOTAL SYSTEM ROOF SYSTEM
ARCH AND TIE SYSTEMPURLINS, ARCH, RING BEAM
(c) Load Path
Figure 1.14 – Roof with Reinforced Concrete and Solaio in Laterocemento
The final modification to the roof occurred during the restoration of the basilica after the
1997 earthquake and consisted of installing a reticular truss made of steel plates to the outer
surface of the roof, as seen in Figure 1.15. The truss connected the reinforced concrete
purlins and the walls of the basilica via dowel rod connections with the plate truss. This
renovation was carried out by Giorgio Croci and the restoration team after the 1997 Umbria-
Marche earthquake. Croci had stated the the reason for the installation of this truss was
that the location where flying arch buttresses intersect the cylindrical buttresses is too low
and therefore, they do not provide adequate lateral support to the roof. He theorizes that
this lack of lateral stiffness at the roof level was one of the causes of the vault collapses in
1997. [Basile, 2007]
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(a) Masonry Arch Support Roof System (b) Blownup Schematic
ROOF 4 STRUCTURAL SYSTEM AND LOAD PATH
TOTAL SYSTEM ROOF SYSTEM
ARCH AND TIE SYSTEMPULINS, ARCH, RING BEAM
(c) Load Path
Figure 1.15 – Reticular Truss Installed on Roof During 1998 Restoration [Basile, 2007]
Also, as part of the vault stabilization system, steel beams were installed between diago-
nal arches to provide a base of attachment for the spring and damper systems that would
eventually support the vaults. This beam supporting system can be seen in Figure 1.16.
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Figure 1.16 – Steel Beam and Spring/Damper System (Photo by Author)
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1.2 Project Goal
Figure 1.17 – Seismic History and Roof Intervention History
In this chapter, the full seismic history of basilica and the history of roof interventions per-
formed on the basilica has been given. In Figure 1.17, the roof intervention history has
been superimposed upon the seismic history of the basilica. As previously mentioned, the
greatest recorded damage in the basilica’s history occurred during the 1997 Umbria-Marche
earthquake. This is quite interesting because as shown in this chapter, earthquakes of higher
magnitude and closer epicentral distances have struck the area, but have not caused such
severe amounts of damage. This is why the main question the report will answer is why the
Basilica of San Francesco sustained the type of damage that it did during the 1997 Umbria-
Marche earthquake. There most likely is no single answer to this question, after all, due to
the complexity of the structure’s materials, it is difficult to quantify the accumulated damage
the structure has sustained over its lifetime from earthquakes or any other loading. However,
it is interesting to note in Figure 1.17 that not even 50 years after one of the the most intru-
sive interventions in the structure’s history, the Basilica sustained more damage than it ever
had in its nearly 800 year history. The cause/effect relationship seems natural, however, it
will be shown that this problem has yet to be investigated, and thus should be in order to
protect the public and the patrimony this basilica and others like it represent.
The primary goal of this paper is to show that the cumulative effects of the changes made
to the roof the Basilica of San Francecsco affected the structure’s dynamic behavior in a
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negative manner and thus increased the seismic forces on the existing structural members.
Through this research, there have been some original contributions to the field of research
on the Basilica of San Francesco. First, as presented in this chapter, the history of the
different roofs of the basilica has been compiled and linked to the seismic events that struck
the area during each roof’s time period. Second, with each of the roofs’ historic performance
presented, stiffness and mass properties of each roof will be determined in order to more
accurately describe in engineering terms what changes have been made to the structure with
each intervention. Finally, a simplified dynamic model is employed to gauge how each roof
intervention affected the dynamic behavior of the basilica over the years.
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Literature Review
Overview
The literature that relates to this course of study can be broken into three main categories:
seismic vulnerabilities of basilicas, analysis of retrofitted basilicas, and studies on the Basilica
of San Francesco. Through these various topics, it can be seen that the issue of how to best
retrofit historic basilicas in seismic regions is still a issue that is not widely understood. In
fact, there is significant evidence which suggests that sometimes retrofits can actually have
the affect of amplifying seismic forces and cause damage during seismic events, even if the
retrofits were performed to protect the structure against seismic loads. Furthermore, it will
be shown that there have been very few studies performed to determine what effects retrofits
have on the global dynamic behavior of these types of structures. Finally, it will be shown
that there has been no consensus in the literature as to the exact cause of the collapse of the
vaults in 1997 and what role the roof intervention of 1958 played in the collapse.
2.1 Seismic Vulnerabilities and Retrofitting
Typical historic Italian basilica construction uses unreinforced masonry as the main building
material. These structures are sometimes very susceptible to seismic loadings for a few
different reasons. First, the configuration of these types of basilicas makes them vulnerable
to seismic loadings because they were often designed to be slender structures to increase
aesthetic appeal. Second, these types of structures are made of inhomogeneous and non-
linear materials and the connections between structural elements can sometimes be very
weak. Finally, the strength of masonry structures is largely decided by the stability of the
structure, rather than the material strength of the mortar and masonry. These masonry
structures have proven to be very reliable under static conditions, as shown by the fact
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that many of them have endured for centuries. [Mele et al., 2003] A masonry structure is
assumed to act completely in compression due to the fact that one of the main principles of
unreinforced masonry design is that masonry has no tensile strength. Thus, under gravity
loadings, it has been said that if a masonry structure “stands for 5 minutes, it will stand for
500 years.” [Jacques, 1995] However, due its lack of tensile strength, masonry structures are
particularly sensitive to lateral loadings that will induced out of plane forces.
Figure 2.1 – Failure Mechanisms of Masonry Walls
Figure 2.1 shows the two different failure mechanisms of masonry walls. The first collapse
mechanism is out of plane overturning of the wall and can be equated with a cantilever beam
model. The masonry wall is particularly vulnerable to failure in this mode because half of the
cross section of the wall will be subjected to tensile forces, which the masonry has no capacity
for, and hence, a hinge will form somewhere because of this tension, causing instability of
the wall, as seen in Figure 2.2.
Figure 2.2 – 1st Failure Mode for Masonry Walls
The second failure mechanism is failure due to in-plane shear. This is the second mode of
failure because the masonry is subjected to shearing rather than bending like in the first
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failure mechanism. In this case, the material will still fail due to tension that develops along
the diagonal, however, this tensile force will be developed along a longer line of action than
in the first mode mechanism, and thus, lower tensile stresses will be developed for the same
applied lateral load than in the first mode failure.
After the great losses that occurred during the 1979 Friuli earthquake, there was a large push
in Italy to better understand the seismic performance of masonry structures and how to best
retrofit them for seismic loads. This research spurred the addition of new seismic codes for
such masonry structures, in which they could be classified and assigned mechanical models for
analysis of their behavior under seismic loadings. The assumptions of these models was that
the floors and roofs of the building acted as rigid diaphragms. Thus, in order to accurately
predict the behavior of the structure under seismic loads using the code, one had to assure
that they met this assumption. So during the 80’s and 90’s, many masonry structures were
retrofitted to match the rigid floor paradigm prescribed by the code’s assumption, without
considering whether such an assumption was valid for a particular building. In many cases,
the original timber floors and roofs of masonry buildings were replaced by reinforced concrete
diaphragms to meet the design code assumption. The goal of the code’s assumption of rigid
floor and roof diaphragms deals with masonry’s low capacity to carry lateral loads out of
plane (first mode failure). Using rigid diaphragms at each floor level is meant to create what
is known as ‘box behavior’ of the structure. The box behavior philosophy addresses the out
of plane weakness of masonry (first mode failure) by utilizing the relatively higher strength
properties of masonry in its own plane (second mode failure). [Binda et al., 2003]
Figure 2.3 – Explanation of Box Behavior
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As seen in Figure 2.3, the goal of box behavior is to connect all four walls of the structure such
that overturning inertia forces of walls perpendicular to seismic loadings can be distributed to
the walls parallel to seismic loadings via rigid diaphragms. As seen on the left, without a rigid
diaphragm, the inertia forces must be carried out to the shear walls via the connections at the
corners of the structure. This can easily lead to failure for two reasons. First, the connection
at the corner is sometimes very weak due to the structural materials, especially when dealing
with unreinforced ancient masonry. Second, this also means that there can sometimes be
a very large unbraced length, as highlighted in yellow, on the wall perpendicular to seismic
shocks and this area of the wall can have a high likelihood of overturning failure.
This type of box behavior retrofit can attain the goal of lowering the likelihood of an out
of plane failure for a masonry wall, however, if carried out in a poor manner, it can lead to
a structure which is more susceptible to seismic loadings. This is because, the effectiveness
of this method is highly dependent on the effectiveness of the connection between the floor
diaphragms and the walls. Attaining a rigid and reliable connection between modern materi-
als such as reinforced concrete and steel dowel rods with ancient masonry can be difficult as
best, due to the inhomogeneity of the masonry substrate which is being attached to. Also,
although it is possible to apply a rigid connection between the new diaphragm and the wall
across the entire thickness of the wall at the roof level, such a full depth connection cannot
be performed at the floor levels. Instead, it is common to insert the new diaphragm into
the walls at the floor levels after excavating partially into the thickness of the wall. Such a
connection has the potential to be weaker than connection between the wall and the original
floor, which can lead to higher susceptibility to out of plane failures for the structure. An-
other problem which arises is the fact modern materials are comparatively much more stiff
than the masonry materials they are being attached to. This difference in stiffness can cause
a hammering effect in which the new reinforced concrete diaphragm hammers the masonry
wall and causes damage, as seen in Figure 2.4. [Binda et al., 2003]
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Figure 2.4 – Effects of Hammering from a Reinforced Concrete Roof: Santo Stefano Church
in Nocera Umbra [Lagomarsino and Podesta, 2004]
In literature, there are numerous studies which suggest that these types of masonry struc-
tures have a very delicate structural system, which if disturbed by invasive “strengthening”
techniques, can cause detrimental effects to their seismic behavior due to such stiffness incom-
patibilities. Many recent studies have been published on the failures of historic masonry struc-
tures during the 2009 L’Aquila earthquake, which was a particularly damaging earthquake to
historic masonry structures. Such invasive retrofits have been said to have played a role in the
collapse of the Basilica of Santa Maria Di Collemaggio [Cimellaro et al., 2011], the Basilica
of San Bernardino [Lagomarsino, 2012], the Basilica of Santo Domenico [Lagomarsino, 2012],
the Basilica of San Eusanio Martire [Lagomarsino, 2012], the Basilica of San Marco
[Modena et al., 2010], and the Basilica of Santa Maria Paganica [Carocci et al., 2010]. These
investigations all suggest, in a qualitative fashion, that the collapses of these basilicas was
due to incompatibility of modern materials to the existing structures as well as increased
seismic forces due to the addition of weight and stiffness to the structure from the retrofit
tactics.
Thus, the literature suggests that interventions on historic masonry structures, sometimes
performed in the name of protecting the structures against seismic events, can sometimes
have the effect of reducing the structure’s seismic capacity.
2.2 Analytical Studies of Retrofitting
There have been very few analytical studies performed on the effects of replacing wooden
roofs of basilicas with stiffer and heavier roofs. Mele and De Luca ([Brandonisio et al., 2008],
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[Mele et al., 2003]) have performed analyses of various basilicas to determine the effects of
inserting more rigid and heavy roofs onto historic basilicas. Their studies are based on the
behaviors of basilica macroelements. Macroelements are architectural features that are very
common in Italian basilicas such as the facade, transept, nave, triumphal arch, dome, apse, or
bell tower. Over the years, Italian researchers have noticed certain patterns in how basilicas
are damaged during seismic events. Each type of macroelement has been observed to be
susceptible to a certain type of failure. It has also been observed that during a seismic
excitation, each basilica macroelement in a basilica tends to act almost independently of the
other basilica macroelements. [Lagomarsino and Podesta, 2004]
Mele and De Luca’s analysis of macroscopic basilica elements is a twofold procedure. First,
they create a linear finite element model containing all of the basilica macroelements and then
perform a dynamic linear response spectrum analysis under two conditions. The first condi-
tion is the case where all macroelements are connected using wood trusses at the roof level
and the second is the case where all macroelements are connected using rigid diaphragms. In
the second part of the analysis, a 2D non-linear pushover analysis is performed on each of the
macroelements. The results of this non-linear analyses are checked against the collapse loads
predicted by limit analysis theory. If the non-linear analysis results match the theoretical
results, they are used to assign an ultimate strength capacity to each basilica macroelement.
In the end, the ultimate strength derived from the non-linear pushover analysis will be com-
pared with the forces applied to each macroelement in each of the response spectrum analysis
cases. Mele and De Luca’s analysis suggested that applying a rigid diaphragm at the roof
level tended to impose larger base shear demands to stiffer perimeter elements and in some
cases, increase the load on the elements past their ultimate capacity.
Figure 2.5 – Results of Study Performed by Mele and De Luca [Mele et al., 2003]
As seen in Figure 2.5, the fundamental periods of the basilicas with rigid diaphragm roofs were
always lower than the periods of the roofs made of wood. On a typical response spectrum,
such a decrease in period implies an increase in seismic accelerations, and hence, forces ap-
plied to the structure. From their results, Mele and De Luca conclude that rigid diaphragm
roofs do not always increase the seismic capacity of the structure, but instead, can intro-
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duce discontinuities in the modes of the structure, as well as cause higher stresses in some
macroelements.
Mele and De Luca’s analyses show a trend that ancient basilicas are particularly sensitive
to interventions that involve installation of a rigid diaphragm at the roof level. Such in-
terventions are sometimes performed with the intent to protect the structure by creating
box behavior, however, the additional mass and stiffness added to the system can sometimes
change the global dynamic behavior in a negative manner.
2.3 Previous Studies on the Basilica of San Francesco
Technical literature regarding the collapse of the two vaults of the Basilica of San Francesco
is limited and dominated by various articles written by Dr. Giorgio Croci after the 1997
earthquake about the various methods that were used restrengthen and restore the basilica.
While Croci does give a brief history of the modifications performed to the roof during the
centuries, he does not consider any of them to have played a major role in the collapse in the
vaults, saying the modern roof with reinforced concrete and solaio in laterocemento installed
in 1958 “...did not involve any significant alternation” of the building’s dynamic behavior
[Basile, 2007]. Croci instead says that the cause of the collapse of the vaults at each end
of the nave was caused by the negative dynamic effects from fill that had accumulated in
the springer zones of the vaults over the centuries and the effect of the cumulative loss of
curvature of the vaults over the years.
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Figure 2.6 – Fill in Springer Zones of Vaults [Basile, 2007]
An archaeological survey was performed on the fill, seen in Figure 2.6, in the springer zones
which showed evidence of material left behind from the intervention in the 1400’s as well as
from the intervention of the 1950’s. Croci goes on to say that when the basilica is excited by
an earthquake in the transverse direction, this fill provides pressure only to one side of the
vault at a time. This deforms the vault and due to the weight of the fill, the vault cannot
recover to its original position, and therefore permanent deformation accumulates with every
shock. Croci supports his theory by building a linear elastic finite element model of a typical
section of the nave, with fill in the springer zones, and performs a response spectrum analysis
in the transverse direction, as seen in Figure 2.7.
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Figure 2.7 – Croci FEA Model of Transverse Section of Nave [Basile, 2007]
Croci notes that the presence of the fill causes tension to be developed in the stone rib of
the vault, which he claims would cause failure of the rib. He concludes that this confirms his
theory that the fill in the springer zones had caused the collapse of the vaults at the ends of
the nave. Also, Croci explains why the vaults at the extreme ends of the naves were the only
ones to be damaged by building a finite element model of the entire basilica and performing
a modal analysis. From the analysis, the first mode of vibration can be seen in Figure 2.8.
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Figure 2.8 – Croci FEA Model of Basilica: Mode 1 Deformation [Basile, 2007]
From this, Croci describes the behavior of the nave in analytical terms, saying that it acts
like a beam whose boundary conditions are fixed due to the high relative stiffness of the 6ft
thick facade and the massive transept. In Croci’s beam analogy, the vaults act as the web of
the beam and therefore, carry most of the shear stresses during deformation. Hence, Croci
concludes the reason the only vaults to collapse were the ones adjacent to the facade and
the transept was because that is where the highest shear forces would have been located. In
summary, Croci submits that the vaults collapsed because there was a transverse excitement
of the basilica which caused large shear stresses in the vaults near the ends of the nave which,
compounded with the negative effects from the fill, resulted in a permanent loss of curvature
of the vaults which lead to their collapse. [Basile, 2007]
Although the body of literature on the cause of the 1997 collapse is mostly dominated by
Dr. Croci’s work, there is some dissent as to whether or not Dr. Croci’s final diagnosis is
correct. Giuseppe Rocchi, author of many architectural books on Italian basilicas, including
the Basilica of San Francesco [Rocchi, 2002], has criticized Croci’s findings, saying that he
neglects to consider fundamental aspects of the buildings behavior, especially in regards to
the modifications made to the roof over the years. Rocchi first points out that the transverse
section in Croci’s finite element model was one of a generic central nave section subjected to
shocks in the transverse direction. However, Rocchi submits that this model is flawed based
on the fact that the vaults in question are not from the central portion of the nave, but
instead, are located at the ends of the nave. In these areas, the vaults would have collected
less fill over the years since there is one less side to accumulate fill from, and hence, the model
is inaccurate because it overestimates the amount of fill. Also, Rocchi says that Croci never
mentions performing any analysis of the basilica when hit with shocks along its longitudinal
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axis. Rocchi claims that running a response spectrum analysis in the transverse direction
is in direct contradiction to what was reported in the testimony from Ghigo Roli, who, as
previously discussed, observed longitudinal movement of the church. Finally, Rocchi mentions
that while the cylindrical buttresses are included in the model of the generic transverse
section, it does not contain elements representing the flying arch buttresses that are attached
to them. [Rocchi, 2002]
Rocchi also points out that a large majority of the members of the intervention team, including
Dr. Croci, originally shared the opinion that the roof modifications of 1958 played a role in the
collapse of the vaults. He quotes Dr. Croci and others who stated early in the investigation
that the roof most likely played a role, and that such an intervention, where the roof’s weight
and stiffness was significantly increased, would not be performed in the present day. Rocchi
notes that the blame was slowly shifted from the new roof to the fill in the springer zones to
the point where the final diagnosis was that the fill had caused the collapse and the roof had
nothing to do with the collapse. He speculates that given the timeframe of the earthquake
and its proximity to the Jubilee celebration at the end of 1999, officials placed a great deal
importance on having this important basilica open to the public for the celebration, which
may have had a bearing on the decision on which method of restoration would be employed.
Rocchi notes that the discussion of the roof transformed from the cause of the problem to
the solution; the restored arch ribs would be connected to the masonry arches and reinforced
concrete purlins by a system of steel beams, tie rods, and springs. This, Rocchi says, creates
a doubly stiff system above the nave, which he describes as undesirable. [Rocchi, 2002]
Rocchi discusses the effects of changing the stiffness and rigidity of the roof in the 1958
intervention at great length. First, he claims that from a historical perspective, the fact
that a wood roof system built by carpenters over 400 years ago was simply thrown away and
replaced by modern materials is a testament to the carelessness of the intervention carried
out in 1958. He also discusses how ancient structures have a monolithic static behavior
which can easily be disturbed by interventions. For this reason, Rocchi disagrees with many
of Croci’s statements regarding the roof and its lack of involvement in the collapse. Croci
had mentioned that the added weight of the solaio in laterocemento installed in 1958 was
negligible in comparison to the masonry arches that support them and therefore, did not cause
any significant changes to the basilica’s dynamic behavior. Also, when many had been saying
that the new roof was made of reinforced concrete, Croci tried to set the record straight, saying
that the solaio in laterocemento is not reinforced concrete, and going on to state that it did
not significantly add weight or stiffness. However, Rocchi attests that this is “unacceptable”
for a structural engineer such as Croci to make such a claim because the calculations for solaio
in laterocemento are the exact same as those for reinforced concrete. Rocchi then goes on to
reveal that in addition to adding the solaio in laterocemento and reinforced concrete purlins
during the 1958 intervention, the builders also added cables between the masonry arches that
run perpendicular to the nave above the ceiling to compensate for the added thrust loads, as
seen in Figure 2.9a. The presence of these cables seems to suggest that the planners of the
new roof knew that they were introducing additional thrust forces. Also, during the 1998
interventions, Croci’s team removed the original cables since they were making contact with
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the top of the vaults and raised them about 2 feet. [Rocchi, 2002]
(a) Tied Arch Installed during the 1958 Roof
Replacement [Rocchi, 2002]
(b) Areas of Tie Installation
Figure 2.9 – Tied Masonry Arches Above Vaults (Sketch by Author)
Rocchi questions why if the new roof did not increase the thrust loads, as Croci claims, then
why was it that Croci reinstalled these cables? Rocchi suggests that perhaps the Genio Civile
and Croci had them installed them for seismic purposes. The most interesting aspect of the
installation of these cables during the 1950’s intervention is that the cables were applied to
the transverse arches in the center nave, but not at the nave opening at the transept or at
the facade, as seen in Figure 2.9b. It is interesting to note that these are the two areas of the
vault collapses in 1997. Rocchi asks why Croci would reinstall such items in the exact same
way since that meant creating an asymmetric stiffness of the nave. [Rocchi, 2002]
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The differing opinions between Croci and Rocchi seem to further suggest that it still remains
unclear whether the roof of the Basilica of San Francesco played a significant role in the 1997
earthquake.
Summary
In this chapter, we have seen that there has been quite a bit of literature that speaks of
retrofitting masonry basilicas for seismic loads. There seems to be a large contingent of the
literature that suggests that sometimes, retrofits can make a basilica more susceptible to
seismic forces. In addition, the quantitative studies of Mele and De Luca seem to support
this idea. Finally, the differing opinions of Rocchi and Croci regarding the effects of the roof
modifications on the 1997 collapse seems to suggest our problem statement has yet to be
definitively answered.
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Chapter 3
Methodology
Overview
It is well known that the analysis of historic masonry structures is a very difficult task. Imple-
mentation of traditional finite element procedures is difficult due to material non-linearities,
inhomogeneities, and well as complex connections and boundary conditions. Thus, when
trying to predict the behavior of these types of structures using linear elastic models, it is
very important to decide before the analysis what types of results should be inferred from
the outputted data. Given this, it is sometimes easier and more reliable to show trends in
the behavior of these structures rather than trying solve for specific values of the response.
With this principle at hand, we shall employ a simple methodology in this paper to determine
how the roof interventions have changed the Basilica of San Francesco’s global dynamic be-
havior over the years by showing general dynamics trends. The primary metric for studying
the changes of the dynamic behavior of the structure will be the fundamental period of the
structure. To show these trends, we will reduce the structure of the nave to a 4 degree of
freedom problem and solve for the fundamental period of the structure while varying certain
parameters.
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3.1 Dynamic Model and Parametric Study
Figure 3.1 – Basilica Schematic Plan and Analytical Model
As can be seen in Figure 3.1, the analytical model consists of a shear beam on an elastic
foundation. This model assumes that the stiffness of the nave roof, the nave walls, flying
buttresses, and the cylindrical buttresses are consistent and symmetrical. With this assump-
tion, it is possible to model each roof spring with one spring constant k and assume that each
adjacent section of nave wall, cylindrical buttress, and flying buttress will together provide
some multiple of that stiffness ck. The mass nearest the transept will have an additional
multiplier n to account for the stiffness provided by the transept. The facade is over 6ft in
depth and will be assumed to be infinitely rigid in its plane and the transept will be assumed
to only provide stiffness to the system, but not mass. This model provides a reasonable
starting point for analyzing general trends in the dynamic behavior of the church. MATLAB
will be used to solve for the eigenvectors and eigenfrequencies of the system and generate
the trends in the periods for each different roof’s mass and stiffness. The stiffness and mass
matrices for the analytical model can be seen in Figure 3.2.
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M =

m 0 0 0
0 m 0 0
0 0 m 0
0 0 0 m/2

(a) Analytical Model Stiffness Matrix
K =

2k + ck −k 0 0
−k 2k + ck −k 0
0 −k 2k + ck −k
0 0 −k k + cnk

(b) Analytical Model Mass Matrix
Figure 3.2 – Mass and Stiffness Matrices
3.2 Finite Element Model
In order to be able to use the analytical model, it is important to derive reasonable values
for the mass and stiffness of each different roof to use in the parametric study. Although
the changes in mass can be calculated relatively easily using material densities and member
sizes, stiffness is harder to quantify. Thus, 3D finite element models shall be employed to
gauge the relative stiffness of each different roof model in comparison to each other. The FEA
software used is General Structural Analysis (GSA). In GSA, four “unit” models representing
one quarter of the nave’s span will be constructed and analyzed, each reflecting one different
stage of the roof’s lifespan. In order to allow this work to be reproduceable, the centerline
dimensions and section dimensions for the GSA model have been included in Appendix B.
It is important to note the assumptions made when constructing these models. First, since
there is no information on the construction of the original roof, the original roof is being
modeled based on the roof of the Basilica of Santa Maria di Collegmaggio’s construction.
Both the basilica of San Francesco and Santa Maria di Collemaggio’s roofs were built in the
1200’s, so it is reasonable to assume they had the same construction. The masonry arch
dimensions for subsequent roofs are modeled using dimensions based on the field inspection
performed for this report. All material properties have been estimated and can be seen
in Table 3.1. The material properties for the historic masonry have been referenced from
[Brandonisio et al., 2008] and [Cimellaro et al., 2012]. Table 3.2 shows a list of all finite
elements used to model each roof’s members.
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Material Youngs Modulus (ksi) Density (pcf)
Wood 1500 35
Masonry 160 101
Concrete 2030 150
Laterizio 2030 40
Table 3.1 – Material Properties for FEA [Brandonisio et al., 2008], [Cimellaro et al., 2012]
Arch/Truss Purlin Covering
Roof 1 Beam Beam Beam
Roof 2 Beam Beam Shell
Roof 3 Beam Beam Shell
Roof 4 Beam Beam Shell
Table 3.2 – GSA Elements Used for Modeling
Solaio in laterocemento, as seen in Figure 3.3, is a material that is most easily described
as a concrete t-beam slab with hollow brick laterizio filling the spaces between the t-stems.
This laterizio can be used solely for filling purposes to create a flat surface or can also be
integrated to help carry the load. The solaio in laterocemento was modeled as a slab with
stiffness properties of concrete but with a typical density of solaio in laterocemento of 40 pcf.
Also, Figure 3.4 shows the typical geometry layout for roofs 2 through 4. Due to the geometry
of the problem, the distance between the roof and arch is variable. In reality, this area is
filled in with masonry of varying depth. In this model, the roof and arch are connected using
rigid links, which models the stiffness of the masonry that is in place but not the weight.
The mass of the missing masonry that is being modeled using rigid links will be calculated
by hand and added to the roof masses determined by GSA.
Figure 3.3 – Solaio in Laterocemento
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Figure 3.4 – Rigid Links for Roofs 2 Through 4
The GSA models will be used to determine and approximate weight stiffness for each roof
variation. GSA can be used to estimate the weight of each model using the material takeoff
feature. To determine the stiffness of each roof, boundary conditions and loads will be applied
to shear the roof and determine a shear stiffness that relates the applied load to the observed
displacement. For each model, one end of the structure will be restrained from translational
movement in all directions and the rest of the structure will be placed on rollers at the points
of intersection with the top of the nave wall, as seen in Figures 3.5 and 3.6 below. Then, a
transverse unit point load will be applied to each “unit” model to shear the structure. Then,
the corresponding deflection will be observed at the point of application of the load, from
which an approximate shear stiffness for the “unit” model can be calculated.
Figure 3.5 – Boundary Conditions and Loading Scheme for Roof 1
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Figure 3.6 – Boundary Conditions and Loading Scheme for Roofs 2-4
The MDOF problem will be solved using linear theory. As stated before, the Basilica of
San Francesco is a non-linear structure and is very difficult to model using linear theory.
Therefore, by employing linear theory, we will not aim to determine any of the church’s exact
responses from the analytical model. Rather, we will input normalized data from GSA into
the analytical model to show general trends in the dynamic behavior of the structure. The
building’s fundamental period will be the primary metric to gauge the changes of its global
dynamic behavior. Using the normalized data stiffness and mass data from the GSA models,
the MATLAB code will be used to determine what effect each increase in mass and stiffness
had on the building’s period. The goal will be to show that in varying all parameters of the
dynamic model, the tendency of the period of the structure is to decrease with each roof
intervention.
Summary
In review, the goal of the analysis is show trends in the global dynamic behavior of the Basilica
of San Francesco throughout each roof intervention. To show these trends, we reduce the
structure of the nave to a 4 degree of freedom problem and perform a parametric study. Finite
element software is employed to determine stiffness and mass values of each roof, which will
be normalized and used in the parametric study. The parametric study will output the trends
in the fundamental period of the structure for each roof, which will be used to quantify the
overall dynamic behavior of the structure through its lifetime.
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Results
Overview
In this chapter, the results of the GSA analyses and the MATLAB parametric study will be
presented and briefly explained.
4.1 GSA Results
The results from the GSA analysis can be seen in Table 4.1.
Years Mass (kip) Stiffness (kip/in)
Roof 1 1253 - 1400s 28 10
Roof 2 1400s - 1958 271 107
Roof 3 1958 - 1997 372 1913
Roof 4 1997 - Present 383 2500
Table 4.1 – GSA results for Mass and Stiffness of Each Roof
It is quite obvious from the table that each roof intervention significantly added mass and
stiffness as compared to previous roofs. From the table, it is clear to see that Dr. Croci’s claim
that the 1958 roof intervention did not increase the mass or stiffness of the roof significantly
was incorrect. In fact, the 1958 intervention increased the mass of the roof by 100kips, which
is not negligible, and reduced the reserve capacity of existing structural members supporting
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the roof. In order to better analyze the data and use it in the parametric study, this data
was normalized to the first roof’s mass and stiffness values, as seen in Table 4.2.
Years Normalized Normalized SDOF Period % Decrease in
Mass Stiffness (s) Period from Roof 1
Roof 1 1253-1400s 1.0 1.0 6.3 –
Roof 2 1400s-1958 9.7 10.9 5.9 5.9%
Roof 3 1958-1997 13.3 195.3 1.6 73.9%
Roof 4 1997-Present 13.7 255.3 1.5 76.9%
Table 4.2 – GSA Normalized Results
The normalized data makes it quite easy to see the degree by which each subsequent roof
intervention changed the mass and stiffness properties of the previous roof. From the table,
it is important to note that the major increase in mass occurred between roofs 1 and 2, which
can be attributed to the installation of the massive masonry arches. On the other hand, the
major increase in stiffness occurred between roofs 2 and 3, which can be attributed to the
installation of the reinforced concrete purlins, ring beams, and solaio in laterocemento. Also,
it is obvious that each roof intervention increased the stiffness more than the mass of the
roof. As can be seen in the table, changing a single degree of freedom system in such a way
would produced decreasing natural periods.
4.2 MATLAB Parametric Study
The normalized ratios from Table 4.2 were inputted into the MATLAB script (Appendix
A) which solves the eigenvalue problem for the 4 DOF of system to determine the trends
in periods for the system. The MDOF problem was solved for the fundamental period for
each roof’s mass and stiffness while varying the two other parameters of the model. First,
the problem was solved while varying the foundation stiffness multiplier c and then again
while varying the transept stiffness multiplier n. The outputted periods of this study were
normalized to the period of the case where k=m=1 to show the trends in the fundamental
period of the structure instead of actual period values. The results of the parametric study
can be seen in Figure 4.1 below:
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(a) Results of Parametric Study for Variable c
(b) Results of Parametric Study for Variable n
Figure 4.1 – Results of Parametric Study
The period of the building is being used as the main metric to study the global dynamic
behavior of the building. In looking at the results, it is clear that in varying all parameters,
the underlying trend is that of a decreasing period with each roof intervention. The striking
51
CHAPTER 4. RESULTS
result of the parametric study for both c and n is the sudden relative drop in period between
the second and third roofs. This result is very interesting because it shows graphically the
major change in the basilica’s global dynamic behavior during its lifetime was the installation
of the third roof in 1958.
Summary
In this chapter, the results of the finite element and parametric studies were presented. The
finite element models show that each roof’s mass and stiffness was greater than the previous,
and in general, each roof’s stiffness generally increased more than its mass. The results of
the parametric study most importantly show a drop in the period of the structure for each
roof intervention, especially the 1958 intervention, under variation of all parameters.
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Discussion
Overview
This chapter will discuss the results of the GSA models and the MATLAB parametric study
as they relate to our problem statement. As will be discussed, the results suggest that the
roof interventions most likely increased the likelihood of a collapse during the 1997 earth-
quake. This is because each intervention decreased the fundamental period of the building
which results in increased seismic forces on existing structural elements. As will also be dis-
cussed, the existing structural elements did not receive any additional strength due to the
roof interventions and thus, were required to carry additional loads with existing capacities.
5.1 Parametric Study
From the Table 4.2, it is obvious that each roof intervention increased the mass and stiffness
properties from the previous roof. The period for a single degree of freedom system is known
to be:
TSDOF = 2pi
√
m
k
(5.1)
It is important to note that with every roof intervention, the stiffness was increased more than
the mass. Thus, if we use the normalized data with Equation 5.1, it means that the period
of the building will be decreasing with each roof intervention for a SDOF system, which can
be seen in Table 4.2. These SDOF periods show a few very interesting characteristics about
the global dynamic behavior of the structure. First, it is important to note that the first
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roof intervention increased the stiffness and mass from the first roof almost by equal factor
of about 10. Thus, it is seen that for an equivalent SDOF system, the period of the structure
would only decrease by 6.3 percent between roofs 1 and 2. The second important observation
from the normalized data and SDOF system is the major increase in stiffness and decrease in
period during the third roof intervention in 1958. While the first roof intervention increased
the weight and stiffness by about the same factor, the second roof intervention increased the
mass slightly, but the stiffness by orders of magnitude. This explains the massive 73.9 percent
decrease in the SDOF period from roof 1 to roof 3. This is also the first indication that the
third roof intervention did change the structure’s dynamic behavior in a negative manner
and could have played a role in the 1997 collapse. The fundamental period of the basilica
during the lifetimes of the first and second roofs was very similar. During this nearly 750 year
period, the basilica was hit with 89 major earthquakes, but the basilica stood with no major
damages. In sharp contrast, the fundamental period of the structure with the third roof was
significantly less than the previous two and only 50 years and 4 relatively weak earthquakes
after it was installed, the vaults collapsed. These results support the cause/effect theory that
the third roof was a major factor in the 1997 vault collapse.
Many of the same trends shown with the SDOF analogy were also discovered using the
MATLAB parametric study, as seen in Figure 4.1. As c and n were varied, the underlying
trend was that each model’s period decreased with each roof intervention, with the biggest
drop occurring between roofs 2 and 3. The parametric study of c shows that as the elastic
foundation stiffness increases, the fundamental period of the structure decreases. Also, this
study shows that with increasing c, the effect of stiffening the roof becomes less, as seen by
the lower slopes of the lines representing c=5 in comparison to those of c=1. Such a trend
shows us that for a high c, as most likely exists in reality due to the high lateral stiffness
provided by the semi-cylindrical and flying arch buttresses, the fundamental period changes
caused by the first and third roof interventions become negligible relative to the decrease in
period caused by the second roof intervention. This suggests that the biggest change in the
basilica’s dynamic behavior over the years was the installation of the third roof in 1958. In
this case study, the actual value of c is not the focus. This value has most likely remained
constant throughout each roof intervention. However, in any case, what is important to note
is that no matter what value of c is used, the fundamental period of the structure decreases
with every roof intervention.
The parametric study of n shows that as the stiffness of the transept increases, the funda-
mental period of the structure decreases. Although the effect of varying n does not produce
as significant of an effect as varying c, it is still important to note the trend that each roof
intervention decreased the fundamental period of the building, with the main drop being
between roofs 2 and 3. The parameter n was included in the parametric study based on
Dr. Croci’s theory that the nave acted as a fixed-fixed beam under lateral seismic forces. As
previously discussed, the facade is massive with a thickness of over 6ft, so it is safe to assume
a fixed condition here. The transept is also massive, but it is an open rectangular shape, so
its geometry is not nearly as stiff as the facade’s. Also, unlike the facade, the stiffness of the
transept has changed with every roof intervention. Given that GSA has shown each roof’s
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stiffness was greater than its predecessor’s, perhaps the transept has become stiffer with each
roof intervention, such that Dr. Croci’s fixed-fixed beam theory has become true. However,
in the past, the transept most likely was softer and thus, the nave could have behaved more
closely to a cantilever model, being only fixed at the facade. Using the n factor, we can see
the effects on the fundamental period of the building when going from a cantilever model
(n=0) to a fixed-fixed model (n approaches infinity). By varying the factor n, it is clear
that by increasing the stiffness of the transept with roof interventions and approaching a
fixed-fixed beam model decreases the fundamental period of the building. This is yet another
finding that suggests that the stiffer roof installed during the 1958 intervention played a role
in the 1997 vault collapses. This is because this intervention connected all sides of what once
was an open-rectangular transept, thereby, making the transept stiffer.
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Figure 5.1 – Basilica Schematic Plan and Analytical Model
Figure 5.1 relates the parametric study to the historic studies performed in Chapter 1. The
main purpose of this study was to answer why the damage incurred by the basilica was so
extensive during the 1997 Umbria-Marche earthquake. This figure corresponds the major
dynamic change of the structure, the 1958 roof intervention, to the major change in the
dynamic performance of the structure, the collapse of the vaults during the 1997 earthquake.
Therefore, a cause/effect relationship has been established and it is reasonable to conclude
there is a large probability that the roof intervention of 1958 played a role in the 1997 vault
collapse.
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5.2 Increased Forces and Existing Capacity
The results of the parametric model suggest that each roof intervention performed on the
Basilica of San Francesco affected the global dynamics of the structure in a way that de-
creased the fundamental period of the structure, which lead to increased seismic forces on
the structure. The underlying trend of each roof intervention was that of stiffening the roof,
especially in the second roof intervention in 1958. If we assume that the decrease of the fun-
damental period leads to higher seismic forces on the structure, it becomes necessary to then
decide whether the new interventions have added adequate strength to resist these increased
forces. In this study, we have only dealt with interventions regarding the roof of the basilica.
The roof was the only aspect of the structure that was affected by these interventions for all
the interventions except for the 1997 intervention, which installed the steel truss along the
cornice. In all the roof interventions, the load path supporting the roof was kept constant
and the structural members along that path such as the vaults, nave walls, nave pillars, semi-
cylindrical buttresses, and flying buttresses did not receive any increase in resistance to loads
from the interventions. Hence, the roof interventions only served to increase seismic forces
on the building, but not help carry these forces.
As mentioned before, Dr. Croci argued that the cause of the collapse of the vaults was due to
the weight of the fill that had accumulated behind the vaults for centuries and that during
the earthquake, this fill had caused pressure to be developed one side of the vault during
each shock. Croci submitted that it was this pressure that caused tension to be developed in
the arch rib and cause the collapse of the vaults. Let us assume Dr. Croci’s theory is correct
and that the fill was the predominant cause of the collapse. In this case, the capacity of the
vaults was already decreased over the centuries because they now must statically support
tons of fill. Through our parametric study, we have seen that the period of the building has
decreased with every roof intervention. Typically, seismic accelerations within the structure
will increase as the period of the structure decreases. Thus, in this case, the fill will experience
higher accelerations, which in turn increases the pressure exerted by the fill on the vaults.
This additional pressure must be carried by the already reduced reserve capacity of the
vaults. Such a failure mechanism is just one example that shows that the roof interventions
over the years have only served to increase the loads on existing structural members during
an earthquake, and not help carry these additional loads. Although the vaults may have
collapsed for multiple reasons during the 1997 earthquake, certainly, increased seismic forces
due to the cumulative effects of roof interventions increased the likelihood of a failure.
Summary
In this chapter, we have discussed the results of the analysis presented in the previous chapter.
The results suggest that each roof intervention decreased the natural period of the building,
thus increasing seismic forces on existing structural elements. Since the roof did not add
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any additional capacity to the load path that supports it, these increased seismic forces must
be carried by the existing members’ reserve capacities. Thus, the roof interventions cannot
be seen as strengthening techniques as they actually make the structure more vulnerable to
failure during a seismic event. The results of the parametric study were cross referenced with
the roof intervention and seismic history of the basilica. This cross referencing supports the
hypothesis that the roof installed during the 1958 roof intervention was one of the causes of
the 1997 vault collapses.
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Conclusions
In this report, the changes of the global dynamic behavior of the Basilica of San Francesco
due to roof interventions performed on structure were studied. An extensive literature review
was performed in order to prove that the global dynamic behavior of these types of structures
is seldom considered during retrofitting, and thus, the problem should be analyzed. Also,
it is clear to see in the works of Dr. Giorgio Croci and Giuseppe Rocchi that there is still
no clear answer as to what degree the roof interventions on the basilica played in the 1997
collapse. Four distinct roofs of the Basilica of San Francesco have been identified. As an
original contribution of this study, the structural systems of each roof were presented and
cross referenced with the seismic history of regional earthquakes that have hit the basilica
over the years to show historic seismic performance of the basilica with each roof. From this
cross referencing, it is curious that only 50 years after a roof intervention, the basilica incurred
more damage from the 1997 Umbria-Marche earthquake than in had in almost 750 years of
strong seismic activity. For this reason, a GSA finite element model and a parametric study
was employed to study the dynamic behavior of the basilica over the centuries and determine
if the roof installed during the 1958 intervention played a role in the 1997 vault collapses.
Each roof’s mass and stiffness was estimated using GSA finite element software and a linear
elastic multi-degree of freedom model was solved as part of a parametric study. The results
of the GSA analysis show that although the fifteenth century roof intervention changed the
mass and stiffness of the roof, both parameters were changed by the same amount and thus,
the period of the structure was hardly affected. This lack in change in the fundamental
period can be linked to the good seismic performance of the basilica with the first two roofs
where the basilica sustained little damage for over 700 years of seismic action. Conversely,
the second roof intervention performed in 1958 changed the mass by a factor of 13 and the
stiffness of the roof by a factor of 200 in comparison to the first roof. This difference in the
increase of stiffness to the increase of mass is what caused a large drop in the fundamental
period of the structure. This change in global dynamics of the structure can help explain why
the 1997 Umbria-Marche earthquake showed a sharp change in the dynamic performance of
59
CHAPTER 6. CONCLUSIONS
the basilica.
The results of the parametric study suggest that each roof intervention has decreased the
fundamental period of the structure, with an especially large drop after the 1958 intervention.
This has a general tendency of increasing the seismic forces on the structure. Given that the
roof interventions generally do not increase the strength of the supporting structure beneath,
these increased forces on the structure must be carried by members that may not have
adequate capacity for additional loads. Thus, when the results of the analytical study and
seismic history are compared, it seems highly likely that the 1958 roof intervention played a
role in the 1997 collapse by increasing siesmic forces on the basilica.
The goal of this study has been to provide a quantitative perspective on the effects of
retrofitting historic Italian basilicas by increasing the mass and stiffness of the roof. The
models employed in this report are simplified, however, the outputted data are still reason-
able, reliable, and teach us that the global dynamics of these types of basilicas in seismic
regions must be thought of during any type of retrofitting. Certainly, there is room for fur-
ther research on this subject in order to protect these precious structures so that we can
preserve them for future generations.
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Appendix A
Introduction
Overview
A.1 MATLAB Code
function [ MDOF ] = MDOF( k,m,alpha,n )
%MDOF Generate Properites of the 4DOF system
%alpha = Foundation multiplier
%n = Transept multiplier
MDOF.mass=m;
MDOF.stiffness=k;
K=[2*k+alpha*k,−k,0,0;−k,2*k+alpha*k,−k,0;
0,−k,2*k+alpha*k,−k;0,0,−k,k+n*alpha*k]; %System Stiffness Matrix
M=[m,0,0,0;0,m,0,0;0,0,m,0;0,0,0,m/2]; %System Mass Matrix
[phi,om2]=eig(K,M);
%%Determine modes, periods, and accelerations
for b=1:size(om2,2)
MDOF.periods(b,1)=2*pi()/sqrt(om2(b,b)); %Convert frequency to Period
MDOF.modes(1:4,b)=phi(:,b)/sqrt(sum(phi(:,b).ˆ2));
%Normalize mode shapes
MDOF.accels(:,b)=MDOF.modes(:,b)*(2*pi()/MDOF.periods(b,1))ˆ2;
%Sa=omega squared * Sd
end
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Finite Element Model Dimensions
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